The divergent nag regulon located at 15.5 min on the Escherichia coli map encodes genes necessary for growth on N-acetylglucosamine and glucosamine. Full induction of the regulon requires both the presence of N-acetylglucosamine and a functional cyclic AMP (cAMP)-catabolite activator protein (CAP) complex. Glucosamine produces a lower level of induction of the regulon. A nearly symmetric consensus CAP-binding site is located in the intergenic region between nagE (encoding EIINag) and nagB (encoding glucosamine-6-phosphate deaminase). Expression of both nagE and nagB genes is stimulated by cAMP-CAP, but the effect is more pronounced for nagE. In fact, very little expression of nagE is observed in the absence of cAMP-CAP, whereas 50% maximum expression of nagB is observed with N-acetylglucosamine in the absence of cAMP-CAP. Two mRNA 5' ends separated by about 100 nucleotides were located before nagB, and both seem to be similarly subject to N-acetylglucosamine induction and cAMP-CAP stimulation. To induce the regulon, N-acetylglucosamine or glucosamine must enter the cell, but the particular transport mechanism used is not important.
The divergent nag regulon located at 15.5 min on the Escherichia coli map encodes genes necessary for growth on N-acetylglucosamine and glucosamine. Full induction of the regulon requires both the presence of N-acetylglucosamine and a functional cyclic AMP (cAMP)-catabolite activator protein (CAP) complex. Glucosamine produces a lower level of induction of the regulon. A nearly symmetric consensus CAP-binding site is located in the intergenic region between nagE (encoding EIINag) and nagB (encoding glucosamine-6-phosphate deaminase). Expression of both nagE and nagB genes is stimulated by cAMP-CAP, but the effect is more pronounced for nagE. In fact, very little expression of nagE is observed in the absence of cAMP-CAP, whereas 50% maximum expression of nagB is observed with N-acetylglucosamine in the absence of cAMP-CAP. Two mRNA 5' ends separated by about 100 nucleotides were located before nagB, and both seem to be similarly subject to N-acetylglucosamine induction and cAMP-CAP stimulation. To induce the regulon, N-acetylglucosamine or glucosamine must enter the cell, but the particular transport mechanism used is not important.
Escherichia coli is capable of growth on a variety of sugars as a source of carbon. Several of these sugars, notably glucose and related hexoses, hexitols, and hexosamines, are part of a common uptake pathway, the phosphotransferase system (PTS), in which a phosphate group originating from phosphoenolpyruvate is transferred by a series of soluble and membrane proteins to the sugar, which is concomitantly phosphorylated as it enters the cell (for reviews, see references 32 and 33) .
Both N-acetylglucosamine (GlcNAc) and glucosamine (GlcN) are PTS carbohydrates in E. coli (4, 49) . Genes for both the uptake (14) and metabolism (13, 48) of GlcNAc have been located at 15.5 min on the E. coli chromosome (1) . So far, five genes of the nag regulon have been identified in this region (30) . The genes identified include nagE encoding the GlcNAc-specific ElI of the PTS (EIINag), which is transcribed in the clockwise direction (28, 36) , and four other genes, nagBACD, which are transcribed in the counterclockwise direction. The nag genes are thus distributed in the two arms of a divergent regulon. nagB encodes GlcN-6-phosphate deaminase, and nagA encodes GlcNAc-6-phosphate deacetylase (48) . The functions of nagC and nagD are not well characterized but are included in the nag regulon because they are expressed from the same mRNA which encodes nagB and nagA. nagC probably encodes a repressor for the nag regulon (30, 44) .
DNA sequence analysis and S1 mapping showed that nagB and nagE are transcribed from opposite strands of DNA and that their translational start points are separated by about 330 nucleotides (36) . Near the middle of this region, a sequence very similar to the consensus catabolite activator protein (CAP)-binding site (6) was noted.
The presence of this consensus CAP sequence suggested that the nag regulon is controlled by the cyclic AMP (cAMP)-CAP complex and that expression of the regulon is sensitive to the presence of glucose in the medium. Other components of the PTS have been shown to be sensitive to cAMP-CAP control (35, 38) . Consensus CAP-binding sites have been identified in both the mannitol (5) and glucitol (51) operons and also in the regulatory region of the ptsHl crr operon (7) .
The effect of glucose on the utilization of other sugars can be conveniently divided into two categories, catabolite repression and inducer exclusion (43) . Catabolite repression is the result of a reduction in the concentration of the cAMP-CAP complex. It is manifested by a level of expression of catabolite-sensitive genes which is higher during growth on glycerol than on glucose. On the other hand, inducer exclusion, at least in the cases studied so far (22, 25, 26, 39) , has been shown to be due to the inhibitory action of the nonphosphorylated form of EIIIGiC (product of the crr gene) on the transport or synthesis of the intracellular inducer.
The organization of the genes for uptake and metabolism of GlcNAc in two divergent operons is reminiscent of non-PTS sugar regulons like maltose and arabinose where functionally related genes occur in separate operons; e.g., the malPQ operon is necessary for maltose degradation and the malK lamB operon is involved in maltose uptake. For the malA region, a single CAP-binding site exists in the intergenic region between malT and malPQ. Although cAMP-CAP affects the expression of both genes, the effect on malPQ is indirect via the level of the MalT protein, the positive regulator (3, 12) . In the malB and ara regions, both arms of the divergent operons seem to be directly affected by cAMP-CAP but in a complex fashion. Raibaud et al. (34) have examined the binding of both CAP and MalT to the 270-base-pair intergenic region of malB and produced a model in which the DNA bound in phase around a core of several CAP and MalT proteins results in activation of both divergently arranged promoters. For the ara regulon, although footprinting suggested two CAP-binding sites (27) , in vivo experiments suggest that just one site is involved in stimulating araC and araBAD expression (9, 16, 17, 23, 42) .
In this report, the effect of the cAMP-CAP complex on the expression of the divergent nag regulon is studied. Protein fusions between nagE-lacZ and nagB-lacZ were used to 
MATERIALS AND METHODS
Bacteriological methods and strain constructions. The minimal MOPS (morpholinopropanesulfonic acid) medium of Neidhardt et al. (24) was used to culture bacteria for measurement of ,-galactosidase activity. It was supplemented with amino acids (50 ,ug/ml) as required. P-Galactosidase activities were measured as described by Miller (21) . A set of isogenic Alac strains carrying the different nag mutations was constructed by P1 transduction with zbf-507: :TnlO, which is about 40% cotransducible with the nag region. GlcNAc enters the E. coli cell not only by EIINag encoded by nagE but also by the more general hexose transporter EIIM,P/IIIMan encoded by the genes manXYZ (10, 40) located at 40 min on the E. coli chromosome (1). This locus was previously called ptsM, and this term will be used for convenience in this report. The EIIM,P/IIIMan complex transports several sugars including mannose, glucose, 2-deoxyglucose, and GlcNAc and is the principal transporter for GlcN (4, 14) . The ptsM8 allele was introduced into IBPC 5321 with zdj-225::TnJO from IBPC 461 (29) , and screening was performed for those colonies showing reduced growth on mannose as the sole carbon source. Various candidate bacteria were cured of the TnJO (by using chlortetracycline and fusaric acid [19] ), and the nagE467 mutation was introduced from JM1179 via zbf-507::TnlO. The Nag-colonies resulting from this cross were presumed to contain both ptsM and nagE alleles. The original ptsM strain was called IBPC 566, whereas the double ptsM nagE mutant strain was called IBPC 569. After the TnJO was cured from IBPC 569 to give IBPC 579, a strain carrying just the nagE mutation (IBPC 581) was constructed by using P1 grown on a zdj-225::TnJO strain to select for Tcr bacteria which were now Nag+ (i.e., ptsM+). ptsG encodes EIIGIC, which transports glucose and also mannose (4). The ptsG22 allele was introduced via zcf-229::TnJO from TP2506 into the ptsM strain, screening for those colonies which were now really Man-. The genotypes of these and other strains used are given in Table 1 . The Acya strain, TP2006, was grown in LB medium containing maltose, Mg2+, and cAMP (1 mM) to permit induction of the A receptor before lysogenization with the A bacteriophage carrying the nag-lacZ fusions. The TP2006 strain carries the glp-8306 mutation, previously called glp*, which maps at 88 min and allows growth on glycerol in the absence of cAMP (15, 37) . The strain grows on glucose because ptsG, the major glucose transporter, is only partly dependent on cAMP-CAP.
Construction of nagE and nagB protein fusions with lacZ. To construct a nagB-lacZ fusion, the 1.2-kilobase PvuII fragment of pB31-1 (29) was cloned into the SmaI site of pMC1403 (2) . This fragment contains the 3' end of nagE, all the intercistronic region, and about three-fourths of nagB.
The nagB and lacZ protein-coding frames are out of phase at the PvuII-SmaI junction, and correct plasmids were found by restriction mapping of the colonies that were very pale blue after 2 to 3 days. Inspection of the DNA sequence showed that a + 1 phase change was needed to align the nagB-lacZ reading frames, and this was achieved by filling in the BamHI site of pMC1403 to give pMC/PvB1.
An equivalent nagE-lacZ fusion was created by cloning the ClaI-HpaI fragment of pB31-1 (as an EcoRI-HpaI fragment of pB35-25 [36] ) into pMC1403. Again, the nagE-lacZ fusion was out of phase and corrected by filling in the BamHI site to give pMC/EHpB14. This plasmid carries the entire nagB gene. The fusions created are shown in Fig. 1 . DNA manipulations were performed by standard procedures (20) .
Both fusions were transferred to the bacteriophage X b2 region as EcoRI-to-SacII fragments to give A cI857 thermosensitive phages. They were used to lysogenize the different bacterial strains at a low multiplicity of infection as described previously (31) . Several independent lysogens were tested for P-galactosidase activity levels to identify monolysogens. Multiple lysogens could be detected since they exhibited 3-galactosidase levels two or three times the monolysogen value.
mRNA preparation and S1 mapping. mRNA was prepared from exponentially growing cultures by the hot-phenol method. Cultures were grown in minimal MOPS medium supplemented with auxotrophic amino acids (50 ,ug/ml). Carbon sources were at 0.2% except glycerol, which was 0.4%. The probe used to map nagE and nagB transcripts was the 1.2-kilobase PvuII fragment covering the intergenic region as used previously (36) . Si mapping was performed as described previously (36) .
RESULTS
Expression of nagE and nagB is subject to catabolite repression and is induced by growth on GlcNAc or GlcN. DNA fragments carrying the nagE-nagB intergenic region and part of the nagE and nagB genes were inserted before lacZ to produce protein fusions nagE-lacZ and nagB-lacZ as described in Materials and Methods and shown in Fig. 1 . The two protein fusions were transferred from plasmids to bacteriophage X and used to lysogenize a Alac strain wild type for nag (IBPC 5321). The level of expression of the two fusions on various carbon sources (glucose, glycerol, gluconate, GlcN, and GlcNAc) was measured (Table 2, top). Considering first nagE, the lowest level of expression observed was during growth on glucose (20 U), whereas with glycerol, three times more expression was detected. Growth on GlcN or GlcNAc produced even higher levels, two and seven times the glycerol value (Table 2, top). Qualitatively similar results were seen with the nagB fusion, but the difference between glucose and glycerol was less. Only a 1.5-fold enhancement in ,B-galactosidase activity was observed for glycerol compared with glucose. For both nagE and nagB fusions, the maximum induction for glucose compared with GlcNAc was 20-fold. GlcN produced about a fivefold induction compared with glucose (Table 2, top). These results show that both arms of the regulon are induced in parallel by GlcNAc or GlcN and that both directions are subject to catabolite repression, although the effect is weaker for nagB than'for nagE.
To further investigate the effect of glucose on the nag regulon, expression of the fusions was measured on binary mixtures of sugars ( (30) suggests that the induction factor for mRNA is actually greater than the 20-fold observed here, which implies some posttranscriptional regulation.
J. BACTERIOL. The numbers in parentheses are the percent value of the activity compared with that of the wild-type strain grown in glycerol. The absolute values of the fusions are different from Table 2 , presumably owing to differences in genetic background.
Induction of deaminase (nagB) and deacetylase (nagA) enzyme levels after growth on GlcNAc and GlcN have been measured by White (48) and recently by Vogler and Lengeler (44) . The values of White (48), 7-to 8-fold induction by GlcNAc, are somewhat lower than the results reported here for the nagB-lacZ fusion, while those of Vogler and Lengeler (44), a 50-fold induction, are somewhat higher. Both found GlcN to be less efficient. Vogler and Lengeler (44) also measured GlcNAc transport; they found a high basal level in glycerol-grown cells which increased just threefold after induction with GlcNAc, compared with the sevenfold found here for the nagE-lacZ fusion.
Expression of nagE-lacZ is strongly dependent on the cAMP-CAP complex. To confirm that the different levels of expression of the fusions in glucose and glycerol medium are due to an effect of the cAMP-CAP complex, a Acya strain was used. The X bacteriophage carrying the nagE-lacZ and nagB-lacZ fusions were used to lysogenize the Acya, Alac strain TP2006, and the isogenic parent TP2100 (cya+ Alac). In the wild-type strain TP2100, glucose repressed the activity of both fusions compared with that observed during growth on glycerol.
In the Acya strain, levels of expression of both nagE-lacZ and nagB-lacZ fusions had the same low value in glucose and glycerol, and this value was identical to that observed for the wild-type strain grown in glucose. For nagE-lacZ, this value was only about 15% that of the wild-type strain grown in glycerol, whereas for nagB-lacZ, it was 50%. Addition of cAMP to the Acya nagE-lacZ fusion strain produced a fourfold increase in ,-galactosidase activity but only a small increase in the nagB-lacZ fusion activity (Table  3) .
Induction by GlcNAc of the two nag-lacZ fusions was studied in the Acya background and was found to be different for the two fusions (Table 3 ). In the absence of cAMP, GlcNAc produced a significant increase in nagB-lacZ expression (two times the level of the wild-type strain in glycerol). GlcNAc produced a small increase in nagE-lacZ expression in the absence of cAMP, but it corresponded to only 25% the level of expression of the wild-type strain in glycerol. The simultaneous addition of cAMP and GlcNAc produced a large induction for nagE-lacZ (15 times the value for GlcNAc alone). The simultaneous addition of GlcNAc and cAMP also induced the nagB-lacZ fusion but by only a factor of 2.5 compared with GlcNAc alone. (Fig. 2, lanes 1 to 3) . Addition of cAMP to the growth medium produced a visible increase in nagE mRNA and not much change in nagB transcripts (lanes 4 to 6). The presence of GlcNAc in the growth medium produced some increase in nagE transcripts (although less than cAMP) and a considerable increase in both long and short nagB transcripts (lanes 7 to 9). The combined presence of cAMP and GlcNAc produced a small increase in both nagB transcripts compared with GlcNAc alone and a much greater increase in nagE transcripts (lanes 10 to 12). Thus, the two nagB transcripts are not differentially activated by cAMP-CAP and GlcNAc.
These results correlate with the lacZ fusion studies described above and show in addition that there was a direct effect of GlcNAc on the presence of the two nagB transcripts in the absence of cAMP. This result eliminates the otherwise attractive hypothesis to explain the partial dependence of nagB expression on cAMP-CAP-that one of the 5' ends located in front of nagB is induced by GlcNAc (Table 5 ).
These results show that intracellular GlcN-6-phosphate is sufficient to induce the nag regulon. However, the magnitude of the induction observed was quite low and much less mutation (in than that observed by growth on GlcNAc, although this N and also any could be due to GlcN-6-phosphate being a poor substrate for in a mixture of the uhp transporter or to externally added GlcNAc-6-phosshow that prephate being rapidly degraded intracellularly. (36) . The consensus site sequence is taken from de Crombrugghe et al. (6) .
DISCUSSION
The experiments described in this report investigated the conditions required for induction of the divergent nag regulon of E. coli. Two basic criteria were defined: the presence of an inducing substrate which can enter the cell and a functional cAMP-CAP complex.
A sequence showing strong homology with the consensus CAP site (6) located near the center of the intergenic region is the presumed site of action of the cAMP-CAP complex. This CAP site is almost symmetric; the highly conserved TGTGA motif is present on the antisense strand proximal to nagE, while the sequence TGGTGA (i.e., the consensus with one extra G) is found on the nagB side (Fig. 3) . De Crombrugghe et al. (6) have noted that a semipalindromic character is found in other CAP-binding sites and that the orientation of the binding site relative to the transcription start point is variable; e.g., for lac, the TGTGA motif is found on the sense strand, whereas for galE it is on the antisense strand.
The experiments described here show that there is an effect of cAMP-CAP on the expression of both arms of the regulon but that the two arms are not equally affected. Fully induced expression of the nagE-lacZ fusion in the Acya strain required the simultaneous presence of cAMP and GlcNAc. Each affector alone produced only a slight enhancement, whereas together they caused a 20-fold enhancement in P-galactosidase activity. For nagB-lacZ, there was much less dependence on cAMP. GlcNAc alone could produce nearly 50% maximum expression. Analysis of the 5' ends of the nagB transcripts present during growth on GlcNAc in the absence of cAMP showed that both the long and short nagB transcripts, differing in length by about 100 nucleotides, were equally induced. Remember that the possibility exists that the shorter nagB transcript is derived from the larger transcript by, e.g., nucleolytic processing. The distance between the first nagB and the nagE transcription start points is about 130 base pairs, with the CAP box located near the middle. The strong effect observed on the nagE gene might be a result of the absolutely conserved consensus TGTGA motif on its side of the CAP box, whereas the weaker effect observed for nagB expression could be the result of the less conserved consensus TGGTGA motif. In addition, a second less conserved CAP consensus sequence can be identified in the DNA sequence on the nagE side of the primary site (Fig. 3) Although the identity of the true inducer of the regulon is still in doubt, the experiments described here showed that induction does not depend on the activity of a particular transport system; an active nagE or ptsM for GlcNAc or ptsM or even ptsG for GlcN is sufficient. This, together with the observation that GlcN-6-phosphate transported by the uhp system is an inducer, strongly suggests that the inducing signal is sensed inside the cell. This result is in contrast to that observed for two other sugar transport operons, those for glucose-6-phosphate uptake (41, 47) and for glucose induction of the ptsHI crr operon (7) , where the presence of extracellular glucose-6-phosphate or glucose, respectively, has been shown to be sufficient to induce expression of the operons. In these cases, a signal must be generated at the sugar receptor which crosses the membrane to activate transcription.
As GlcNAc and GIcN produce the same end product, fructose-6-phosphate, they might have been expected to produce equivalent growth rates, but this was clearly not the case. Possibly, the rate of uptake of GlcN is much slower than that of GlcNAc, even when using the same transporter (that encoded by the ptsM locus) and is not sufficient to maintain an adequate concentration of either inducer or substrate. This difference between GlcNAc and GlcN is emphasized by their variant sensitivities to glucose and gluconate. Both glucose and gluconate exert an effect of catabolite repression; however, it is possible that gluconate does not exert an effect of inducer exclusion (Antoine Danchin, personal communication). If GlcN does indeed generate a different inducing signal from that generated by GlcNAc, it is quite conceivable that it is subject to inducer exclusion, unlike the signal generated by GlcNAc. Alternatively, the differences observed could also be explained if glucose produces a higher level of catabolite repression than gluconate.
In conclusion, the two arms of the nag regulon are induced in parallel by GlcNAc and GlcN, but their relative levels of expression are controlled by the activity of the cAMP-CAP complex. The cAMP-CAP requirement for nagE expression is greater than for nagB. Quantitation of the induction observed with GlcNAc and GlcN under different conditions suggests that induction is not mediated identically by the two sugars. At the moment, it is not possible to decide whether this is due to a quantitative effect on the amount of the inducer produced or to the existence of different inducing substances.
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